Despite the well-known influence of environmental context on episodic memory, little has been done 19 to enhance contextual richness within the lab. This leaves a blind spot lingering over the neuronal 20 correlates of episodic memory formation in the real world. To address this, we presented participants 21 with series of words to memorise along a pre-designated route across campus. Meanwhile, a mobile 22
On average, participants recalled 50.50% of each 20 word list and when attempting to locate 123 where each word was presented, were on average 14.74 metres away from the presentation location. 124
To assess spatial and temporal clustering, we devised a novel 'contextual error' term. Contextual error 125 describes the observed contextual shift between sequentially recalled items relative to the shortest 126 possible contextual shift, providing a standardised measure that allows direct contrasts between 127 temporal and spatial clustering (see methods for details). The greater the contextual error, the smaller Temporal was significantly greater than spatial clustering (p<0.001). Maris & Oostenveld, 2007) , a one-tailed dependent samples t-test revealed a significant power 148 decrease for hits in comparison to misses between 0 and 1 second post stimulus (p=0.009; see figure  149 3A and 3B). To identify whether this beta power decrease arose in the left inferior frontal gyrus, the 1 150 second window was then reconstructed on source level, undergoing the same analytical procedure as 151 its sensor level counterpart. A one-tailed dependent samples t-test revealed a significant power 152 decrease for hits in comparison to misses (p=0.026). We determined peak activity by sliding a 6mm 153 radius sphere across the significant cluster and calculating the sum of activity within this sphere (see 154 methods for details); these results were confirmed by visual inspection of the 1% of most extreme 155 (see figure 3C ). These results replicate the previous findings of beta power decreases over the left IFG 160 following successful memory formation of verbal information (Hanslmayr et al., 2011 (Hanslmayr et al., , 2009 . 161
Spatial Clustering
In order to provide a more comprehensive picture of the low-frequency SMEs in the real world, a 162 sliding window analytical approach was used (Staudigl & Hanslmayr, 2013) As some controversy surrounds theta band activity, two-tailed dependent samples t-tests where used 169 for frequencies between 3 and 7 Hz. Analysis revealed significant, FDR corrected, p-values 170 (p corr <0.05) across the frequency and time spectrum (see figure 4A ). Specifically, low frequency theta 171
(3-4Hz, p corr <0.05) power decreases for hits in comparison to misses were observed between 250ms 172 and 950ms post-stimulus; alpha (8-12Hz, p corr <0.05) power decreases for hits in comparison to misses 173 were observed between 400ms and 800ms post-stimulus; and beta (21-25Hz) power decreases for hits 174 in comparison to misses were observed just before (-250ms to 0ms, p corr <0.05) and later after stimulus Significant regions of activity observed on sensor-level were then reconstructed on source level. 180
Theta activity (3-4Hz, 600-1200ms, p=0.005) peaked in the right superior occipital area, the right 181 precuneus and the right cuneus, [MNI coord. x=19, y=-87, z=39; ~BA 19]. Visual inspection of the 182 theta source activity also revealed peak activity within the left middle and inferior temporal gyri, 183
[MNI coord. x=-52, y=-10, z=-26; ~BA 20], and the right superior parietal lobe, [MNI coord. x=25, 184 y=-64, z=53; ~BA 7] (see figure 4B ). Generally speaking, these theta power decreases occurred in 185 Concerning spatial clustering however, a sliding window analysis revealed a cluster consisting of 206 extended slow theta power decreases in the peri-stimulus interval (3-4Hz; -1000-1000ms, p corr <0.05), 207 and a broader theta post-stimulus power decrease (3-6Hz; 400-900ms, p corr <0.05), which predicted 208 spatial clustering (see figure 5A ). As above, these windows were reconstructed in source space. The In a second step, we contrasted the r-values obtained by correlating theta power and temporal 215 clustering with r-values obtained by correlating theta power and spatial clustering, in order to identify 216 whether these theta power decreases were unique to the spatial clustering condition. Cluster analysis 217 indicated that there was a small but significant difference between temporal clustering -theta power 218 effects and spatial clustering -theta power effects (p corr <0.05; see figure 6A ). T-values indicate that 219 theta power decreases correlate more strongly with spatial clustering than with temporal clustering. 220 When reconstructing this difference on source level (see figure 6B ), the spatial-temporal contrast (3-221 5Hz, 400-800ms, p=0.025) appeared to peak in left frontal superior and medial gyri, [MNI coord. x=-222 5, y=40, z=57; ~BA 8]. Visual inspection of the peak 1% of activity also revealed greater theta power 223 Lat.
-4.25 -4.75 t-values < critical t -1000 0 Summed t-values < critical t a portable EEG setup and were presented with verbal stimuli on a tablet across the university campus. 229
Each list was presented on a spiral path that disentangled temporal and spatial context. Sorting EEG 230 recordings obtained during encoding by later memory performance allowed the activity unique to 231 successful memory formation to be identified. These results indicated strong beta power decreases 232 over left frontal regions for items which were later remembered in comparison to those which were 233 later forgotten. Furthermore, a broad theta power decrease was observed shortly after stimulus 234 contextual clustering in an environment where spatial details are significantly richer (Miller, Lazarus, 240 et al., 2013; Miller, Neufang, et al., 2013) . Expanding on previous experiments, the spiralling 241 presentation pattern used in this experiment ensured that temporal and spatial context did not overlap. 242
Knowing that temporal clustering could not inform spatial clustering and vice versa, this experiment 243 furthers the notion that temporal clustering and spatial clustering are autonomous. processing necessary for successful memory formation. Although discussed in previous studies 250 (Hanslmayr et al., 2009 ), given the real world aspects of this study we reiterate that these power 251 decreases (particularly within the beta band) are not viewed as oscillatory correlates of motor activity 252 (Salenius & Hari, 2003) . The experimenter ensured the participant was stationary before the 253 presentation of each stimulus, so no motor component should have arisen. If such a component did 254 arise, then it would be evenly distributed between later remembered and later forgotten items, and 255 hence cancel out in the later remembered-later forgotten contrast. 256
We also observed significant theta power decreases following successful memory formation, 257 particularly for items that demonstrated strong spatial clustering at recall. These power decreases may 258 the presentation and recalled locations of each word using the Haversine formula, providing a parametric clustering. Contextual error was derived using the equation below:
Here, i refers to the recalled item under observation, j to the item recalled immediately before i, and k to the item 334 recalled immediately before j. Observed Jump ij and Observed Jump ik refer to the absolute of the contextual
